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SIGNAL COHERENCE RECOVERY USING ACOUSTO-OPTIC
FOURIER TRANSFORM ARCHITECTURES

INTRODUCTION

The program in acousto-optics (AO) conducted by the X-ray Astronomy Branch, Space Science
Division, at the Naval Research Laboratory (NRL) has a special astronomical orientation-
development of ultrafast analog signal processors for astronomical purposes. Time-series analysis
provided the initial development challenges. This has meant that special emphasis was placed on sys-
tems that would analyze periodic and nearly periodic functions. Processers of this type also have
nonastronomical applications. Our particular approach to time-series analysis is called coherence
recovery (CR). It applies generally to analyses of faint, frequency-modulated functions. The fre-

Aunc .ndua . A _ . -.- _. ._ 1A*AH _ .. _ A1A_l AAA L- A r_ AA. .AJGI uu IIaJ~ldLIJI JL> IbJJUVO uy a tIIdLidll-CJLh1iiUi plYF llt LIIVUIVCN CAt~tiiVC LGUIIIPJUL4LIVI LIlV

faint signal becomes detectable and the characteristics of the frequency modulation are simultaneously
established.

Overview

In last decade, the maturing technologies of AO components have led to declining costs, making
an aggressive development program for fast processors economically feasible. A two-dimensional (2-
D) Fourier processor. Mark E., for which design and procurement stages have been successfully com-
pleted, should have the equivalent throughput of two Cray-2s on algorithms such as very long Fourier
transforms. The 1989 effort consisted of building Mark II and researching adaptations of the 2-D
design for digital optical processing. Mark II's key assets (two Cray-2s, inexpensive to use, special
features to isolate chirped signals) make it attractive for a range of applications.

Motivation

The Space Science Division AO effort is unique among astronomical groups, and the astronomi-
cal application is unique among optical computing groups. The primary thrust of the program has
been to seek improvements in techniques involving Fourier transforms. The Mark II design is at the
frontier of the current development. A similar processor was outlined in the literature, but it was
never constructed. The current design, however, matches recently matured AG technology with real-
time astronomical data processing demands. A description of one astronomical problem for which
Mark It provides a solution will illuminate analogous applications in other fields.

This has meant that special emphasis was placed on systems that would analyze periodic and
ne]ariy pAnvu lJl.c IUJLnJUJ. P-ocJUeseL1 Ul tIis 1ype aLsU have iauiioltiuiiuiLLgiCw dJpPlLuatlUil. tU J-UI Palmt-

ular approach to time-series analysis is called coherence recovery (CR). It applies generally to ana-
lyses of faint, frequency-modulated functions. The frequency modulation is removed by a trial-and-
error process that involves extensive computation. The faint signal becomes detectable and the
characteristics of the frequency modulation are simultaneously established.

Manuscript approved Apnil 8, 1989.
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One of our original astronomical motivations was the search for millisecond pulsations from
binary stellar systems. Such millisecond pulsars would have significant ramifications for gravitational
ph ydsre l~of~arpnpp 1 nrnvLtAoc a crnnaersn e crT carahr, a na.- onv otore not, hsi 
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jeet to gravitational radiation reaction instabilities. The object then becomes simultaneously a pulsar
in X rays and gravitational waves. The envisioned detection strategy is to find the signal in X rays
and then build a special gravity wave antenna with narrow-band response tuned to the frequency
determined in the X-ray band.

Because the pulsations are expected to be weak (<0.1% modulation), long transforms are
required to achieve sensitivity. In addition, the detection of such pulsations, in both electromagnetic
and gravitational radiations, requires that the effect of orbital motion be removed before performing a
frequency search by means of a Fourier transform (in the binary systems, which are likely millisecond
pulsar candidates, the orbital parameters are partially or totally unknown but constrained). Otherwise,
loss of coherence (i.e., frequency smearing) renders a weak signal unobservable. The approximate
removal of orbital motion, termed coherence recovery (CR) (Fig. 1), can be effected by performing a
one-parameter grid of quadratric time transformations and subsequent Fourier transforms 12,313; one
transformation of the set will provide optimal recovery over the necessary long integration time. The
ideal utilization of CR is in conjunction with a very large collecting aperture. In Ref. 4 we proposed
the construction of a 100-mr array that will detect pulsations with amplitudes <0.01 % (Fig. 2).

The computational burden required for CR is determined by the large number of trial time
transformations (proportional to the square of integration time) required to effect recovery. Digital
implementation in real time, required for gravitational wave searches and desirable for some onboard
spacecraft data processing, can be prohibitively expensive, requiring as many as 10 to 100 Cray-
equivalents of computational resource. Acousto-optic Fourier processors provide direct analog tech-
niques for fast, real-time, second-order time transformations and, hence, the best possible CR. Thus
they are well-matched to various problems that involve rapid searches for frequency-smeared signals.

Ppulse: 20 ms Porb: 3800 a A: 2.35 1-s Ntrans: 39l (a .
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Fig. I - Digital simulation of coherence recovery (a) coherent signal modulated sinusoidally, plus noise and
(b) optimum trial transformation recovers -90% of original signal strength.
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HEAO A-1: 1 M211977) SINGLE ARRAY MODULE
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PO(NTtNG CONTROL
rev i

XLA MOUNTED TO THE SPACE STATION XLA ARRAY (64 MODULES, 100 m2)

Fig. 2 - The X-ray large array

The main advantages of acousto-optics are high throughput at low cost and the promise of appli-
cation in orbit to tasks such as onboard timing analysis. On board applications have the additional vir-
tue of being resistant to soft upsets caused by charged particles. Steady improvement in ancillary
technologies, such as chirp generators, is another attraction; this means that ambitious processors can
now be developed at low cost.

Two-dimensional acousto-optic processors have many uses-not only on orbital platforms but
also in ground-based applications. In addition to fast Fourier transforms (FFTs), acousto-optic imple-
mentations of Hilbert transforms, ambiguity functions, general correlation, and convolution are
directly realized with analog techniques, thereby greatly surpassing the speed of traditional electronic
devices. Development of acousto-optic processors for "speed of light" matrix manipulations using
n-ary coding is rapidly progressing. Many astronomical data processing applications exist for these
near-real-time digital optical processors. The Space Science Division's acousto-optic program, with
emphasis on astronomical applications, places NRL in a unique role in both the astronomical and the
optical computing commurnties.
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History and Accomplishments

The program has been active since 1986; during this time the Mark 1 system was constructed
and tested, and Mark II was designed. This is summarized in Fig. 3. Mark 1 is a time-integrating
architecture of modest capability (Fig. 4). It is one-dimensional, in the sense that the readout format
is a 1-D display of intensity (representing Fourier power) vs position (representing frequency). After
initial demonstration of system concept, Mark I was upgraded to increase its speed by a factor of 10
and to increase the number of frequency channels (Fig. 5). The scheme for CR, described briefly
above, which had earlier been developed in software for pulsar-searching, was found to have a
hardware realization that could be achieved with the addition of a tunable chirp. This technique is
genera], and it carries over to Mark II. A paper describing the CR technique and its acousto-optical
implementation was presented at a meeting of the American Astronomical Society [5]. A paper on
the same subject was presented at a symposium of the International Society of Optical Engineering
[6).

Mark II design also occupied much of 1987. The goal is a very fast processor that can provide a
2-D output format having greatly increased bandwidth and throughput. A design was selected that
can be realized in various forms, each suitable for a specific application. We began with a simple
version involving only limited additional purchases and considerable recycling of Mark I components.
This design was verified by using symbolic manipulator programs to check the integral transforms
representing the nominal performance. A key component of Mark II, the fast chirp driver that imple-
ments coarse separation of frequencies, represents an important improvement in 2-D Fourier proces-
sors.
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Fig. 4 - One-dimensional time-integrating Fourier transform architecture
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MARK I ARCHITECTURE: ONE-DIM
T-I FOURIER TRANSFORM PROCESSOR
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MARK I: ONE-DIMENSIONAL TIME-LNTEGRATING FOURIER PROCESSOR

Design and Concept

The design of Mark I resurrects a proven architecture for exploratory purposes. The original
version of this time-integrating Fourier architecture was first proposed and implemented by the Opti-
cal Sciences Division at NRL [7]. The use of a similar architecture provided a working model to
implement major modifications (CR) and advance to a design for a 2-D Fourier system.

Figure 4 shows the geometry of the Mark I processor; this may facilitate comprehension of the
operating principles invoived. Mark i is composed of a front end, where data are applied to an AG
modulator to modulate a laser; a cylindrical telescope operated in reverse that produces a horizontal
sheet beam; a central interferometer segment that creates a Fourier kernel; and a time-integrating out-
put arm in which the kernel beats with the (temporal domain) input to compute the (frequency
domain) output. The kernel is actually realized upon recombination of the two beams at the detector
camera plane, where most extraneous phase terms cancel identically. Here, the spatial coordinate of
a 1-D sensor is related to the Fourier frequency coordinate. Stops designed to remove the (unwanted)
undiffracted parts of the beam also appear. Reference 8 provides a comprehensive treatment of many
aspects of AO signal processing.

In AO Fourier architectures, the signal may be introduced by intensity or frequency modulation
of the light beam; for the design shown in Fig. 4, the method is intensity modulation. The signal is
subsequently carried in both legs of the interferometer. Here two counterpropagating, chirped
sinusoids (of form exp liat 2 $, a = constant) are impressed onto the light beams by frequency modu-
lation using Bragg cells (acousto-optic beam deflectors, AQBDs). The momentm-matching conditions
between the light and sound waves within the AOBD require either increasing or decreasing the light
frequency by the sound frequency; this is sometimes referred to as up and down (frequency) shifting
of the light. Selection of either the first plus or minus diffraction order determines whether the light
is up- or down-shifted, respectively. The Fourier kernel results from heterodyning the up- and
down-shifted beams. The relative light frequency lag between the two sheet beams (a function of AO
cell spatial coordinate, and therefore of detector coordinate) provides a difference frequency-the
Fourier kernel.

It may help to think of this arrangement as a bank of frequency filters. One such filter tests for
the presence of a periodic component at one discrete frequency, at one spatial location in the detector
ninne bv mnintaininga n temnprai' 6-niunid that i< heterodyndun with ny arbhitrarV innut. The hbnk of

filters maintains a series of such sine waves, one at every frequency within a certain bandwidth, and
the frequency so maintained advances uniformly as a function of spatial position within the device.
At the output camera, the detected signal builds up continuously in one channel over the course of an
integration cycle. These are the essential features of a time-integrating Fourier architecture. In addi-
tion, heterodyning of the input with all the filters whose frequencies differ from the input signal fre-
quency produces a light bias that builds up in all channels; the signal is detected against this back-

ground.

By contrast, a space-integrating Fourier architecture simply uses one Bragg cell to diffract an
input beam at angles that are proportional to the frequencies present in the signal. The diffracted
beam is then passed through a spherical lens that accomplishes the Fourier transform. The light bias
built up over an integration period is insignificant compared to that in a time-integrating processor and

7
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is essentially attributable to stray laser light. Hence, the detected light represents only the signal; this
is an important feature of space-integration, However, space-integration does not allow for extended
temporal integration. Also, in the context of AO Fourier processing, a 2-D, purely space-integrating
architecture cannot be implemented. The distinctions between time-integrating and space-integrating
architectures must be kept in mind for the discussion of Mark LI, because both time- and space-
integrating geometry are combined to generate the 2-D folded Fourier output of that architecture,
uihfhth- h*nafr cm-g acn otc nf thA- turn annro ac are rptoinpA

Optical Bench and Associated Electronics

The project moved very quickly from inception to development of Mark 1. This was partly
because components were initially borrowed from another NRL code. Availability of those com-
ponents dictated demts of the first-generation Mark I layout, but upgrades were later made to
improve performance.

Upgrades in AO equipment during the Mark I phase were made to increase the data-processing
speed of the system. A new AO modulator was purchased that introduced data by intensity modula-
tion at rates as high as 10 MHz. To Fourier analyze data introduced at these higher rates, a faster
chirp generator was obtained. This chirper is a linear voltage-controlled oscillator (VCO) that we
were able to operate at a 1-ms chirp rate (the effective integration period). Faster usable chirp rates,
which would take advantage of the ultimate speed of the AO modulator, are obtainable from the VCO
chirper by introducing more sophisticated synchronizing electronics. More important from the stand-
point of new algorithms, by using both our analog chirper and a digital chirp synthesizer, we were
akI4l 4 Aea.- rtn*- rnD tit Afl o-tn t9acn,4ka4 -
alm-flu tu ~utniiiaUV Y...J II uiuW aL.j aL%1L \UtD'.'LL1Ut4 uunsw,.v

An IBM PC was set up to direct control of the AO processor's input and output. Computer pro-
grams were devised that communicated with a digitizing oscilloscope, a chirp synthesizer, and a data
generator; they also processed the signal received from the AO system. At the later stages, the com-
puter provided test signal inputs for the data generator. These inputs were tailored to simulate
frequency-smeared signals on which the AO system performed simultaneous CR and Fourier analysis.
The next two sections describe the progress made with component upgrades and the invention of an
AO system capable of CR.

Performance

Mark I underwent a series of improvements from July 1986 to January 1987, reflecting our
learning curve and increasing skills in applying the basic principles of optical techniques. The first
test of Mark I was very crude; initially it was possible to resolve an 8 kfz input band into a few fre-
quency channels. Various optimizations improved the figures of merit until the appearance of the
analog signal was a sharp spike. Following this, much further improvement was realized by utilizing
uz 1sty uas5 ~apan In mu A k:. fi/ _SIB rsn 3U h W~to taa s tpn A; ;ssw a. scen v; us ues Em o %*JI~U;G "PU;tlGJJ1IJV LayIJz~ UJL Iat IL IVa bui," La3ab so U&UL1S116l VUWUtF 01,511U Wa UIASSJJWVIFU1

ing signal minus background, and finally presenting power spectra. By December 1986, it was possi-
ble to exhibit a square wave input analyzed into the first and third harmonics in the proper ratio.
Design iterations, which incorporated faster analog input electronics, led to system performance closer
to the intrinsic limits of the AO components. During this period the resolution increased from <50
channels to -400 channels while the input rate increased from 15 to 350 kfz. Progress in the
development of Mark I is illustrated by the quality of spectra obtained (Fig. 5).

8
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Coherence Recovery

A by-product of the Mark I effort was the discovery of an AO method for handling sinusoids
chirped by arbitrary functions. It was motivated by the original astronomical application-to detect
faint, fast pulsars in binary systems. The problem is that the binary motion of the source alternately
hlue shifts and red shifts thie signal, i. e. thie signal is frequency mnnAiithA tmn.eareA in frequency
space). The simplest way to undo this process would be to compensate the data by using the binary
orbit parameters, which is the standard technique in pulsar work. Unfortunately, the orbit is
unknown in nearly all cases. A full search of the space spanned by the amplitude, frequency, and
phase of the unknown orbit is computationally prohibitive with present resources. However, searches
of a one-parameter grid of parabolas (quadratic transformations) have been used to achieve compara-
tively high sensitivity by using the SSD VAX [21. The set of parabolae can be thought of as a grid of
approximations to the actual, unknown orbit. (The VAX takes - 1/4 h to do a 220-point Fourier
transform. An optimized Connection Machine FFT will take - 2 s for 220 points 19]. This is part of
the overall program motivation-AO processors would be much faster.) This algorithm may be used
to achieve approximate CR over an interval that is short compared to the orbital period. Our simula-
tions (Fig. 1) show that >90 % of the power actually present in the coherent signal can be recovered.

We have discovered an analog AO technique for CR that is identical to a quadratic transforma-
tion. The technique was implemented with minor additional hardware development [61. We found
that CR can be achieved in Mark I by making the two chirps slightly unequal. Varying the difference
in chirp accelerations over a small range generates the required set of quadratic transformations. The
IreUInIlll iuuun.-L1auuiL tu mUluuiiui uiQiLii Jl1lllUUtN alL a UUILIUIIal iiuigv kclIU \WIUI lUIcl-my ucVmm1nr,

effect in practical applications) and a quadratic phase term that accomplishes the exact function of the
grid of parabolae as in the software implementation. Although many conceivable applications involve
sinusoidal (or arbitrary functional) modulation over a fraction of a cycle, for which approximate CR
is obtainable, linear frequency excursions (red or blue, growing linearly with time) can be -1 00%o
recovered with this algorithm. Linear frequency excursions >25% have been successfully recovered
in Mark 1. The fact that the technique is analog (no complex digital premodification of chirp
accelerations is necessary) makes it fast and very attractive. Certain specific applications might more
profitably search a different family of functions to effect a good coherence recovery. In this case,
preparation of chirps might be implemented with dedicated digital hardware, rather than with
software. The quadratic transformation often will be the best one-parameter approximation. Appendix
A develops mathematics for CR for the case of pulsars in binary orbits, together with AO realization
of this case.

Astronomical applications of the CR algorithm include real-time searches for radio and X-ray
pulsars, searches for continuous-wave gravitational radiation from the most rapidly spinning pulsars,
and SETI (search for extraterrestrial intelligence). In addition to the astronomical uses, potential
applications of the CR algorithm implemented with AC) processors exist in other fieds, i.e., in prob-
lems where the sensitivity for real-time detection of chirped signals may be increased by compensat-
ing the effect of modulation by an arbitrary function. The algorithm is applicable to situations where,
during the observation interval, the phase (frequency) modulation is sufficiently close to quadratic
(linear) in time, or where the observation interval is limited so that this condition obtains. Such dev-
ices may be adapted to problems involving propagation of waves in inhomogeneous media, e. g., in
such disciplines as seismology and underwater acoustic signal reception.

With the emergence of the CR concent- Mark I develonment was regarded as mature. A naper
was published describing the general CR concept and its realization in a i-D time-integrating design

9
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16. At this point in the program, limitations were being approached because of the I-D nature of the
Mark I device. It would he nossible to imnmnve union the Mark I and make small nackages suitable
for various purposes. However, in such systems integration time (and therefore sensitivity) is limited.
Also' the I-D format affords intrinsically low resolution and therefore comparatively poor perfor-
mance when measured against a computer such as a Cray. The major purpose of the program was to
build simple systems that could compete with Crays on algorithms such as Fourier transforms.

MARK 11: HYBRID (SPACE AND TIME INEGRATING) TWO-DIMENSIONAL FOURIER
PROCESSOR

Mark l is a 2-D hybrid architecture with performance figures of merit that, in some respects,
exceed those of a Cray-2. The 2-D output format resembles a raster scan of frequency space.
Hybrid refers to the combination of space-integrating and time-integrating subsystems that are used to
achieve an effective one-parameter 'frequency) readout format, The entire Fourier transform is real-
ized in piece, on repeated passes of the input, more rapidly than a Cray can accomplish the same
computation. The throughputs (bits/second processed and recorded) are comparable. The AO
processor's bit accuracy is less than that of the digital computation, so that the principal gain is in
speed. In fact, Mark IT computes a 106 -point Fourier transforn approximately 500 times faster than

- rt .. n
uue;> a Clay-2.

A significant compromise has been accepted in the area of greatest advantage, namely speed.
This compromise is the repeated introduction of the input, made necessary by the choice of a com-
paratively limited camera for output-recording, one with an -2562 pixel format. The repeated pas-
sage of the data through the system is required by the need to move the small camera around in the
output plane so that it records the full "image, t ' i.e., the Fourier transform, as a mosaic of smaller
images. (In practice, subsets of the output bandpass are electronically selected and appear within the
camera's stationary format.) This compromise has been accepted because the goal is to demonstrate
the principle of a hybrid architecture in the most expeditious manner. Although performance of the
prototype will be suboptimal, its overall speed can, in principle, be easily upgraded by using a
readout camera that captures the entire Fourier spectrum in one frame.

The architecture described below is realizable in a variety of distinct configurations, each of
which serves a different purpose. The general idea of a 2-D frequency format has existed for some
time. Mark II is a modification of a design that was initially described in Refs. 10 and II but never
constructed. The reason for the delay between conception and attempt at implementation is, essen-
tially, that two key hardware components that were required for the originally intended application did
not exist. These components were an output camera having a readout speed faster than any that exist
even today (by several orders of magnitude) and a chirp device capable of excursions of a few hun-
dred MHz/few ms. Thus there was a poor match between available technology and the intended pur-
pose. In contrast, for the intended astronomical applications, Mark II is a high-performance device
that is available with current technology. Moreover, the fast chirp device used an innovative design.
Having incurred the primary setup cost in developing Mark I, the further cost for Mark U has been
mininal. We now turn to a more detailed description of the various points just introduced.

Expected Performance

The expected performance of Mark HI derives straightforwardly from the parameters of key
components. Appendix B provides the predicted figures of merit, comparisons with the Cray-2, and

10
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specifications. The camera specification (62500 pixels) (Table Bi) shows that we should approach a
bandwidth of 215 frequency channels. We assume that, as in Mark I, the limit of pixels/2 will be
attained. Two new tellurium dioxide AOBDs increase the center operating frequency to 350 MHz
(with a 3 dB bandwidth of 200 MHz); this determines the maximum signal input frequency and,
therefore, the data rate. The dynamic range is expected to be -500, which is a substantial factor of
20 increase over systems that are of a fully time-integrating rather than hybrid design. This results
from a combination of the low light bias associated with the space-integrating dimension and the use
of the single-sideband method of introducing the input signal. Thus Mark II has the capability of
finding weak signals in the presence of strong, saturating signals. The space-integrating feature also
provides a gain in bandwidth of about a factor of four over purely time-integrating systems. The
throughput (Table B2), which results from considering input rate, bit accuracy, and the number of
times the input must be recycled to accommodate the output camera, is about double that of a Cray
processing the same transform.

Design and Concept

Like Mark I, the architecture of Mark II is composed of two separate legs of an interferometer;
each leg produces a resultant signal at the output camera (Fig. 6). In a wideband, fast processor like
Mark II, coherent Fourier integration over a long input data stream is desired. The wide bandwidth
is accomplished by using two kinds of chirps. In Mark 11, the two light beams carry a coarse chirp
(reference leg) and the input data (signal leg), both introduced by using the 350 MHz AOBfls. The
coarse chirp leg uses a fast repeating VCO, which is the most demanding chirp generator in the sys-
tem. The device must sweep 100 MHz - 1 Hz (we plan to use only half the bandwidth of the new
AOBDs) each 3 As and return to the same starting phase (± IC) each repetition. Without return to
fiducial phase and frequency at the start of each chirp, the integration would not be coherent. The
wideband AOBDs, together with the spherical lenses that follow them constitute the space-integrating
portion of the system. The narrow-band, slow chirps are introduced into both legs, propagating in
AOBDs aligned perpendicular to the space-integrating AOBDs. The geometry and operation of the
horizontal (slow chirp) dimension is similar to that in the Mark I processor. The integration is car-
ried out over the duration of the slow chirps. The interference of all signals produces a 2-D format
Fourier kernel at the output camera, which is a focal plane of the system. The effective mathematical
kernel, however, is l-D: the processor performs a continuous, coherent integration over only one
variable-time (Fig. 7). The space-integrating arm produces the coarse-frequency vertical dependence
in the output, which appears as a succession of lines. These lines are associated with a repeating
delta function of the vertical coordinate, which arises from recycling the fast chirp. The horizontal
direction is the fine-frequency direction and is produced by the slow chirp entered into both arms. A
sinusoidal input will produce a single bright line (the line containing the input frequency); along this
line will be a single bright point at the coordinate, which represents a fine measure of the input signal
frequency.

Thus four AOB~s are in the design-two accept the slow, fine chirp; one accepts the fast,
coarse chirp; and one accepts the data stream. These signals are folded together by lenses in the sys-
tem; the result can be represented as a convolution integral [10, 11]. When the integral is evaluated
to calculate expected performance at the output plane, the result is an expression having parts that
stand in one-to-one correspondence with the salient features of the output format. Appendix C
presents a complete mathematical representation of the waveform interactions in Mark II from input to
output. The mathematical treatment was verified by using the Symbolic Manipulation Program, as
described of the end of this section.

I1I
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Fig. 6 - Mask ML Two-dimensional format, hybrid (space-
and-timne-integrating) architecture. Folded one-dimensional
Fourier transform processor, a signal searcher with AO

capability for recovery of smeared signals.
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Fig. 7 - How Mark LI performs l-D Fourier transform in 2-D
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Coherence Recovery in Two Dimensions

As in Mark 1, implementing the CR technique in Mark II requires mixing two slow unequal
chirps j6). The 2-D format does not affect the validity of the method. A frequency-smeared signal
that would otherwise have overlapped two coarse frequency lines is recovered at one point on one line
for the optimum quadratic transformation. Moreover, since the Mark 11 output is formatted in two
independent spatial dimensions, the processor can be designed for either of two general classes of
problems:

* applications similar to the astronomical CR problems described in Section 1 where the 2-D
format is effectively a long 1-D frequency format with high resolution and the quadratic
transformations are applied consecutively; or

* applications (perhaps not astronomical in which rapid CR is desired and low-frequency reso-
lution will suffice, where one dimension is the frequency coordinate and the other simultane-
ously accommodates parallel processing of all the quadratic transformations.

The next two sections describe architectures of these types.

High-Resolution, Large Bandwidth Serial Architecture

In the high-resolution Mark II processor, the CR concept can be realized in several forms that
differ in 'now the slow chirps are introduced, T he slow chirps may be applied in at least two addi-
tional geometrical configurations besides the "additive" architecture shown in Fig. 6 (see Ref. 12 for
a discussion of additive and multiplicative architectures). First, both slow chirps may be introduced
by using AOBDs in a single arm of the architecture, with accompanying lenses rearranged for the
requir-A irna .A cnot, 1 Pnurier trancfnoratinnc Tie effective Aifferenre in acemlprationn which

is incurred by the angular compression (from frequency-dependent Bragg diffraction) of the first chirp
when traveling the distance to the second Bragg cell, can be compensated by a base difference in
acceleration between the two chirps. Difference in acceleration greater than this frequency offset pro-
vides CR. This "multiplicative" arrangement is apparently not described in the literature. An alter-
native multiplicative design uses one slow chirp applied through an AO spot modulator, in the arm
that contains the slow chirp AOBD, or in the opposing arm f10,11]. In any one of these three config-
urations, the difference in acceleration between the two slow chirps, which constitutes the CR portion
of the chirp, may be created separately as a third chirp and single-sidebanded with the signal or with
the coarse chirp, instead of appearing in one of the slow chirps. The latter alternatives for CR
emphasize a more symmetrical design (with both slow chirps having equivalent acceleration), but they
do not provide a materially different result. Relative advantages of each arrangement derive primarily
from convenience in hardware combinations since the mathematical descriptions are similar.

In all of the foregoing arrangements, the several quadratic transformations required to achieve
CR are performed serially. Thus, for 103 transformations, at 3 ms per run, the entire set of transfor-
mations is evaluated in -3 s. The merit of this kind of processor is high frequency resolution across
a large bandwidth.

Ultrafast Parallel CR Architectures

Mark II can be modified to perform - 10o time transformations in parallel with a reduced
number (- 10') of frequency resolution elements. This modification would provide the capability of
detecting weak signals from sources undergoing rapid acceleration or from signals that pass through

13
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SMP calculation that simulates Mark 11 performance, symbolically calculating the output as a function
of the input. Results of selected stages are shown and annotated to indicate their relationshin to com-
ponents of the processor.

FUTURE DEVELOPMENTS

The program orientation remains development of processors for astronomical data, either on the
ground or in orbit. At some future point it may become important to explore packaging of such pro-
cessors for space flight.

An ambitious extension of Mark Bi is contempiated that could provide precision equal to that of
a digital machine. We are considering developing a digital acousto-optical array processor in which
some aspects of the design resemble a generalized Mark II architecture. This array processor would
be capable of linear operations with throughputs (approaching 1012 bits/s) almost two orders of
mnvinihudic areater thin, thnos nf vtutr-nf-ths-_rt r 1frctl viinarrnmniutercs it xnvwll norconmr dhe !aii-o.

tion of inadequate precision that is inherent in many analog processor systems.
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Appendix A

COHERENCE RECOVERY OF A FREQUENCY-MODULATED SIGNAL BY
USING QUADRATIC TIME TRANSFORMATIONS

For an emitting source undergoing arbitrary acceleration, a grid of transformations must be
applied in a space of arbitrary dimension to achieve optimal CR in only one transformation of the set.
For many applications, a quadratic approximation over a short portion of the trajectory of points in
n-parameter space may be sufficient to detect an otherwise unobservable signal. The great value of
this method is that the quadratic approximation requires only one parameter, thereby resulting in a
substantial saving of computation time and resources. In most cases of astrophysical interest, the sig-
nal arises from a source in a binary orbit, which is an ellipse. A circular approximation to an ellipti-
cal orbit provides an adequate example of the contraction of parameter space from three variables to
one and does not detract from the validity of the treatment.

Coherence Recovery in Binary Stellar Orbits

For a circular orbit the observed signal is advanced or retarded by a time of maximum ampli-
tude A, the projected radius of the orbit expressed in light seconds, with respect to the center-of-mass
frame. The system revolves with frequency 62 = 21r/P0 rb, where Por, is the orbital period. The
phase lead/lag may be expanded in a Taylor series to second order (an arbitrary orbital phase On is
neglected for simplicity):

5) = A * sin (0t)Porb = A[sin (D To) + Ocos (U,)t _ )-2 sin (9T)t 2/21JP0.. (Al)

T7, the time about which the function is expanded, can be taken to be the center of observation. The
first term of the expansion represents this fixed point in phase with respect to the orbit; it is of
interest only in absolute phase studies. The second term represents an average Doppler shift for the
interval of observation and contains no broadening effect since it is linear in time; pulses arriving
Ppulse seconds apart will be compressed or expanded by -tll + PA * cos (UT0)], which is a constant
factor. The last term constitutes the lowest order smearing or broadening effect in phase of arrival
and, therefore, in frequency. This term is quadratic in phase and linear in frequency, and it attains a
maximum when the argument of sin is 7r/2. Hence when the source exhibits zero Doppler shift
(second term), the broadening is greatest and can be of positive or negative "curvature." A qua-
dratic approximation applied to the time of arrival of the sampled events will compensate for the
phase lead or lag:

t' = r + [9A . sin(QT,)t 2 /2 = t + at2 . (A2)
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The number of transformations required to cover positive or negative curvatures for observations of
worst case (T 0 = fr/2) is

Nu~ = -m,,, /b = (AQ 2/2)/(Pc/it2T2). (A3)

The expression for 6- derived below, assumes a program that searches for optimal recovery, which
is desirable when the signal may be barely detectable. Equation (A3) can be rewritten as

San = A(2rT/P,,b )2 /Ppuse (A4)

if PPBIS is near Pit = PNy.q Otherwise, the required number of transformations is reduced by a
factor Pputseft Nyq- In a search problem, P .ulse is not known a priori, and therefore the maximum
number of transformations is required. Note that Nt,. is proportional to (2rT/Po)r. Moreover,
97rTIP-a must be small for the annroximstion to be valid As %7rTIP.. =nows& the hioheT ordeT

terms become more significant, and quadratic CR becomes less optimal. The third-order term is
important when, assuming a phase SIrI = 7f4,

AQT 3 1/6 -A `2/2

therefore requiring the constraint that TI Pab <« 312r for the quadratic approximation to still be
useful. Note that when the quadratic effect approaches minimum, the third order begins to dominate.
Con; .- sJelty ncieat- ragin n of rr.axt .j ouAro't. affar *ha th i.-rl nrdr ic nr rninrnuin LHencea

the most interference with quadratic recovery from the third-order term does arise near phase 7r4.
The restriction on practical integration times can be recast into a constraint on orbital periods
searched. Fortunately, a large portion of parameter space is made accessible by quadratic transforma-
tions, extending useful integration times in binary pulsar searches by one to three orders of magni-
tude.

We now calculate the critical 6a required to recover a broadening of the signal by precisely one
Ciculliuvi lui a pviiUU }r Criet T A l-lg UL, UZeVIIVGVV of UI quauiati'.c tiaintLuiiati.iLao \CM. flh w% LLUU

dt O = dt(l + 23at) - ba = (dt'ldt - 1)2t.

Evaluate for the total integration time 7 and require the transformation to stretch* the time series by
the amount PCit:

ba = I(Pcnt + fliT - 1)/2T = Pjt/2T 2 . (AS)

*Incrementing the integration time by

4T- PNYq =t cycle at the Nyquist frequency

adds one channel in the resulting Fourier power spectrum. Let Np = T/2r, = number of channels in power spectrum for
integration time T, where 7-, is the sample interval, Then

T' = T + 2T, = T + PN,. aad therefore Np,' = N, + 1.

Transformation (T - T ' of a time series from one that contains a coherent signal to one where the signal begins at PNy, 
and ends at P N,,' results in broadening by exactly one channel. The distribution of spectral power within the two channels
depends on the specific transformation.
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Coherence Recovery Realization In Time-Integrating Acousto-Optical Fourier Processors

In a time-integrating AO Fourier processor, two chirps of equivalent acceleration and duration
modulate a coherent light source and are heterodyned to create a Fourier kernel. An additional phase
with quadratic time dependence is manifested when the chirps have slightly different acceleration.
The modified kernel can effect exact CR of a signal in a time series that has been quadratically time
transformed; approximate recovery is realized for other functions. For signal Sl(t), chirps C1 and
Ci* (complex conjugates), delay T, chirp start frequency f3, and chirp accelerations a- ',

S(v) = S(r)CfiQ,TiC1*(t, r) dt

= J 5(t) expj[(t + r)fc(t + T) + 2vf0)] expj[-(t - TAfa'(t - r) + 2rfo0 1 dt

= 5 S(r) expAj4irfor + 2(a + a')tT + (a - aCet2 + 72)] dt. (C6)

Letting a' = a _,C and a" = (a' + a)/2 yields

S(v) = 5 S(t) exp jl4irf 0 r + 4ax"trT + ba(t7 + r2)l dt. (C7)
(1) (2) (3)

The unequal chirps result in the terms labeled in Eq. (C7): (1) the usual acoustic fringe carrier
(time-independent); (2) a Fourier kernel slightly modified from the equal chirp case, 4airT - 4a" t';
and (3) an additional quadratic term in C. The T2 dependence in the third term represents an
irrelevant, fixed spatial fringe pattern that, in practical realizations, is of vanishingly small magnitude
compared to terms of interest. The P- phase in the integrand can remove a -tP phase in a signal.
Let the signal

S(t) = exp Q27rrt) - SQ) = exp j(27rpt + -t2). (C8)

When ba = -- y, coherence is recovered exactly, and Eq. (C7) becomes

S(v) = exp jt4rfo7-] i S(t) exp ij[4ac ] idt, (C9)

which is the usual time-integrating Fourier AO formulation, where the relationship between AOBD
delay, r, and frequency is v = 2c "rlT7r. In many cases the quadratic transfornation will be the best
second-order approximation, and certainly the most straightforwardly generated analog implementa-
tion of CR over a short interval to a more complex finchon, e.g., FM modulation aising from
motion over a portion of an orbit or trajectory.
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Appendix B

MARK II: FIGURES OF MERIT AND SPECIFICATIONS

Table B1 - Mark II Figures of Merit

Frequency resolution elements -215 (62500 pixels = present camera)f2
Input data rate - 350 MHz
Dynamic range -500
Signal to noise - 25 (higher with increased light level)

Dynamic range increase (factor > 20) over two-dimensional time-integrating systems results from use
of space integration in coarse frequency dimension; this provides the capability to detect very weak
signals in the presence of strong, saturating signals.

Data rate increase over Mark I results from use of TeO2 Bragg cells with center frequencies of 350
MHz to introduce signal and coarse reference chirp.

Space integration also enables gain of -4 x over two-dimensional, purely time-integrating systems
in useful input bandwidth of TeO2 cell.

System throughput (bits/s), apart from postprocessing, is approximately two equivalent Cray-2s, by
throughput comparison on FFT algorithm. The strictly acousto-optic portion of the system performs
the transform - 500 times faster than Cray-2, but with less precision (see Table B2).

Table B2 - Throughput Comparison with
State-of-the-Art Electronic Computer

*Accuracy increases with investment in improving light budget, postprocessing.
tAO processor does transform - 500 times faster than Cray-2.

21

Cray-2: 64-bit accuracy
l0 6-point FFT in 1.24 s
- (I 06 /2-point spectrum)
- 27 mbits/s throughput

AO Processor: estimate -4-bit accuracy (initially)
- 106 points in -2.5 ms with present camera
and 2 pixels per frequency channel
- 1/16 of spectrum recorded

-1 Gbits (= 4 bits x 0.35 GHz) input/16
= 67 Mbits/s throughput

-2 equivalent Crays (working speed)
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Table B3 - Mark II Special Components
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200 MHz @ 3 dB, 5 ps aperture
Model 4350-1 Crystal Technology

I Input Signal Driver for 4350-1 Deflector
Model 1350-1 Crystal Technology

1 Fast chirp VCO 2.5-jus sweep, 0.5-0s dead-time
phase-locked to 1°, c t:1 Hz @ each sweep start
100 MHz sweep uses center half of 4350-1 BW
SO-350-200-XX Andersen Laboratories

(Unit will be - 1.5 to 3 orders of magnitude
faster than available digital sweepsx



Appendix C

VERiFICATION OF TIE MARK H DESIGN BY
USING TIHE SYMBOLIC MANIPULATION PROGRAM

We performed an automated verification of the Mark IT acousto-optic design by using the Svm-
bolic Manipulation Program (SMP). These computations served two purposes. First, it was neces-
sary to verify that the processor would function according to specifications after modifying the origi-
nal Bader [Cl] design. Minor errors or misprints in Ref. C1 were uncovered in this process. These
errors result in minor adjustments (phase shifts) to the mathematical representation and turn out to be
irrelevant to the functioning of the processor. The corrected versions were verified by the SMP com-
putations. Second, we were interested in exploring further modifications to the design, e.g., the reali-
zation of coherence recovery (CR) in a two-dimensional processor. SMP provides the capability of
perturbing functions in a previously defined stream of calculations at any stage, thereby obviating
manual reanalysis of the mathematical problem and simplifying evaluation of design changes.

An interpretation of the SMP input and output for the Mark fI design follows. Equations that
have one-to-one correspondence with "operations" are numbered. These are not necessarily in one-
to-one correspondence with hardware elements since such elements may introduce more than one fun-
damental transformation. Other non-numbered equations are given for clarity.

The numbering system for the following equations divides them into four groups according to
IIUWV " IU1LIUAI01- III (WU LLU&UruldUkLL. DIUdLIC i\j ULC, flW&dCimWIUX 14Utn Ini m1, nagliai Irr VI
the processor; Eqs. (Q) characterize chirps introduced in the other ("reference") leg to analyze the
input. Mathematical identities used to compute the output are not generally numbered. Finally, Eqs.
(Qi) describe the results produced by the processor, corresponding to convolution integrals in the
detector or output leg of the processor. (See Fig. 6 for the system overview showing the three legs.)

In one leg of an interferometer, the signal S(t) is introduced by using an acousto-optic beam
deflector (AOBD) of aperture D. S(t) represents the amplitude of the acoustic information (i.e., the
data-for simplicity one unmodulated rf carrier within the Bragg cell [AOBD] bandwidth). The trav-
eling acoustic wave is represented by S(t - h/v), where t is the deflector coordinate (within the
cell), approximately transverse to the light propagation vector, and v is the acoustic velocity. The dif-
fracted light amplitude A(x, t) is proportional to the acoustic signal amplitude.

Signal Input Leg:

The amplitude spectrum U1(f) of S(t) is, by definition,

((f ) a I di S(r) expfi 2i f .

(acoustic signal propagates through AOBD)

A(,t) = S(t - 4/v) (SI)
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(By Bragg diffraction, acoustic signal impressed onto light beam which passes through AOBD of
aperture D; signal is now light amplitude)

A(4, t) = S(I - enV) rect (QD),

where

rect (/D) = I for -DI2 •5 s5 D/2

- u Ouwerwisc. kazj

(light signal Fourier transformed by lens)

A(x, t) = 5 d4 S(f - (v) rect ((/D) exp{-27rax4, ($3)

where x is the vertical (course frequency) detector coordinate, a = If(XF), X = light wavelength,
and F = focal length of the Fourier transform lens. Equation S3 assumes that imaging from the sig-
nal AOBD's Fourier transform plane to the detector plane is one-to-one. A(x, t) is in the detector
plane, which is the imaged Fourier transform plane of the signal AOBD.

In the following, recognize the auxiliary variable z = f/v (z is a scaled Fourier transform coor-
dinate of the time t). Equation (S3) is reduced to another form, and an example of the convolution
theorem is explicitly derived. First, let -- t- /v (using shift theorem),

U(3() exp(/2irt/v1 = dt S(S - 4(v) expli2rftl,

and taking the Fourier transform of both sides,

S df U(f) expt-i2if(t - e/v)j = I df U(() exp(-i2irft expti2vrf4/v} = SQ - Zlv).

Substituting this result into Eq. (S3) gives

(Shift theorem used to transform time Shift to phase shifi)

A(x, t) = 5 d4 5 df U(f) exp{-i2irftl exp{i2rf4Ivl rect (4/D) expf-i2rax4). (S4)

Now remembering that the FT of rect(x) is sinc(7rX) = sin (rX)j/ rX, df = v - dz, and recognizing
that a factor I/v arises in the transformation U(f) - U(zv)fv,

A(x, t) = S v * dz U(zv)/v exp(-i2irzvft g d4 rect (4/D) expt-i2r4(ax - z)1,

(Integrate out 4 dependence)

A(x, t)0 | dz expf-i2rzvt1 U(zv) sincbrD(a - z)I. (S5)
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Recapitulating, A(x, t) is the diffracted light amplitude containing the information in the signal
at tne detector plane, having passed through the AOHD of width D and having been Fourier
transformed by a lens. One effect of the latter is represented by the phase factor ax in the sinc func-
tion; also U(zv) is the optical Fourier transform of the input signal.

netireiice Lcg;

In the other leg of the interferometer, a second AOBD, having properties identical to the signal
AOBD, is driven by a periodic chirp of period T1. The chirp has bandwidth Af1 and center fre-

1fec C noronmai-arc Slial spnatn nn oter~ti mor o rof sinnol freq~ue.^ies This cnoas C~ iS%f~A.L&I.J J~ ~ LALI a LM ot lh VF-Lt'I'-~"-' A mlI 311 Ii l14u.9UL%1%.kk0. "In I"1 U'QIFU La

represented by

(Acoustic chirp signal produced by chirp generator)

C1 (t) = rect ltt - nT1 )1T1 ] exptijaQl - nTj2 + bQt - nT1)lJ, (CI)
n

where a = - AIAJ .z aIu n = aj -ofl a c anu a cont iar. ICIU pII MUi U intlhl1evlL Lb iuppressIU
for convenience (notice that the coarse chirp generator must supply chirps each beginning with this
phase, 0. = (const)- This repeating chirp propagates through the AOBD and is Fourier transformed
by a lens identical to the lens that transforms the signal beam. We proceed to determine the ampli-
.-tAe of V cin rhiF lighttt fela in the dlAtertnr " lan

(Chirp propagates through AOBD as acoustic signal)

C(it tX 'V rrort t _- T_ tlh'it7'

eKp{ija(r - aT1 - 4v)2 + b>nT, - 4/v)JJ. (C2)

(By Bragg diffraction, chirp impressed onto light beam that passes through AOBD of aperture D;
chirp is now carried by light amplitude)

rQr, t) = rect {(r - nT1 - 4/v)lTj1 rect (4/D)

expifaOt - nTj - SivV2 + b(t - nT, - M11. (C3)

(The optical Fourier transform of chirp is performed and imaged one-to-one to the detector plane)

RIL, .4) - 3 UI k 3, 1 LA1tZ-LIL UCA J

- 5 d4 exp{-i2vabx] E rect [tt - nfl - Z1v)/T<J - rect(Q/D) (C4)

expti[alt - nTj -_ /V)2 + bQt - nTj -/v)jj
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In correspondence with the Convolution Theorem, make the associations

f = , rectft - nT1 - 41v)/Tj] exptifaQt - nTf - 4/v)2 + b(t - nTf - 41v)j4

and g = rect(/D), and the following result is straightforwardly obtained:

(Use Convolution Theorem to rearrange chirp)

R(t, x)=)D I ' V(x -xt, ) sinctr-ax 1,

where

V(x, r) = F5 d4 explila(t - nTl - t/v) 2 + b(t - nTl - $Iv) - 2rabxj)

rect[(r - nr1 - 41v)1T13. (C5)

In V(x, z) make the substitution z = - nTl - 41v, -vdz = d4 (note: rect function is symmetric
and therefore introduces a minus sign, absorbing the minus that arises from - v dz):

(Variable change simplifies notation)

V(x, 0 = v E exp{-27ravx(t - nTjV
n

j I dz expliaz2 + izl27ravx + b]) rectz/Tj). (C6)

Again using the Convolution Theorem, transform the integral in Eq. (C6). The problem can be
formulated such that the dual variables of the Fourier integral are z and avx + b/2ir. In correspon-
dence with the convolution theorem, make the associations

f = rectjz/T(} and g = expliaz 2 1.

The phase factor izb will appear in the transform of f as a shift and in the transform of & as a phase
term.

To see how to arrive at Eq. (C7), first obtain the Fourier transform of g alone, then generate the
convolution of the transforms of f and g. The trick is to use the transform property of a Gaussian.

Let avx + b/2r = u. Then,

5 dz expEiaZ 2 } expti27ruzi = 5 dz exp{-ir [-iaZ 2 fir - 2iuz3l.
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Completing the square,

5 dz expf-r [-iaz 2 lr - 2iuz + (r/ia)U 2 -(ri/ia )U2 l =

expt * kiid") /1u J j tz yL1 iLZ(ia/ uC ) £ 4/( ia/ 1l) J 1

Letting z' = z(-ia/lr)' 12 - iul(-ia/ r)112 , dz (-ia/rF)-1 12 dz, we get

expt-ilru)2/aj 5 (irla)11 2 Z' expl-zz f2 = (ir/a) 1 /2 exp{- irU) 2/ cl

Now transform f and multiply with the folded transform of g, include the shifts arising from exp(izb,
cubvtstntprur - &f fnr u, amnd arr;ve pat a nspxu P.nwrminn fior tl ientn;rnl in Pn iCM)

(Identity to facilitate use of Convolution Theorem in Eq. (C6))

T KJI dx'expf-i( rav)2(x - x' + b/2irav)2 /aI - sinc[7rTI(vax' + b /2ir)], (C7)

where K = (inrla)512 Now proceed to simplify Eq. (C7) by an approximation, following Bader
exactly. Expanding the exponent in Eq. (C7),

expl-i(27raV)2[X2 + x2 + b2/(27rav)2 + xbl/racv - xt - x'b/aruv]/4a}

The (x 32 term is negligible in the region over which the sine function is significant: at one Rayleigh
distance x' = /(vT Ia), and therefore

(iravx )2 la = n/(AfjT 1 ) = n/N, «< 1,

where we have used the definition a = nrAf1 IT, and where N, is the number of resolvable frequen-
cies in the coarse chirp. Moving the non-x' terms outside the a = x + b /2irrv, Eq. C7 looks like

TE K expl-iPJ , dr'expji2nx'u[(2nav)29/4naf sincwrT1[vax' + bf2irl.

Now letting

X 1 =vax' + b /2i. x' = x "/va - b /2nva, dx' = dx" /va. we get

T1 K/va expt-ifi I dx" expfi2ru(x"/voc - b/2irva)(2irva)2147raj sincjlrTlx'].

Now let

w = x "(2rav)2 /4irava = x 'rva/a, dx" = (a /rvce)dw:

T( Ka/ntva)2 expf-ifl expf-inxbavu/cfl dw exp(i27rwul sincf7rT 1 awlrvc4.
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Performing the Fourier integral and inserting u = x + b/27rva results in

K/irva eXp(-ib2/2ac exp(-ifl exp(-irbavx/aj rect fwaev(x + b/2rav)/Tta1.

Let c = (inra) 1'
2 7lairaJ exp f- ib 2 2a). Then we have from above substitutions and Eq. (C6),

V(r, tl = c exnp-i(2n7ravr _4_ hl2t4a1 ernl-irhrrtvrlnl rert fflrn'vr + v 2l)ITla

S expf-i2iravx(t - nTj)J.

Now, using AfIT 1 = N, = aD2 , T, = Dlv, a = irAfj1 Tj, and b = 2rffmj, define the rect
argument with respect to fmin (set r = fn Af 1 ; note that Bader defines r = fcen l1f; either way,
the limits are consistent, see Eq. (CI 1)):

rect tliravx + b/2j/Tja] = rect 11ircv2xla + bv/2a /DJ.

Since rav2 /a = r(AfJIT, /D2 ) (D2 Tjj)I(nAfjlT,) - 1, bvf2a = DPfin/AfxnjnAfj = rD, then
we have

(Several transformations to evaluate integral from Eq. (C6))

V(x, t) = c expl-i[2nrevx + b12 /4aI expl- irbavxlaI rect [Ix + rD)/JJ (C8)

E expt-i2rcevxQ -nT,)),

where an extra phase (expfi rbavx ajf is discovered that does not appear in Bader's derivation. The
phase is physically meaningful: it represents the discontinuity from one coarse frequency line to the
next and ris-es from 2 combination of the len-s Foutrier transform and the fast chirn It is inconse-
quential, since we desire only the power and not the amplitude spectrum.

Continuing, use the identity S exp(ian) = 27r 6(a - 2rp),
a P

where 5(x) is the Dirac delta finction. Make the association 2nravxTj = a to arrive at

(Convert sum of exponentials to lapproximateJ sum of Ss)

V(x, c) = c exp(-i72rxrvx + b62 /4a exp{-iirbavx/ac rect [(x + rD)/D]

expL-i2iracvxl E 6(x - ptavT1 ). (C9)
p
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In our modification, the slow chirp multiplies both legs (with opposite directions of propagation)
by using AOBDs. The resulting deflections are in the y coordinate. The slow chirps propagating in
the AOBDs with acceleration /3 (minus sign for signal leg, plus sign for reference leg) and start fre-
quency fo are

C2 = expli~t & r)(Q3t ± r) + 2nf1)l.

Detector Output Leg:

Applying the slow chirp to the signal leg (Eq. (S5)) yields the time-dependent signal contribution
to the light amplitude at the detector:

(Signal amplitude multiplied by slow chirp)

A(x, t) expliQ - r)t@(t - r) + 2rf 0]1 I dz expt-i2nzvt} U(zv) sinctrD(ax - z)f. (11)

Similarly, the slow chirp multiplying the coarse chirp reference (Eq. C lI) yields

(Coarse chirp reference multiplied by slow chirp)

R(t, x) = C E eipq-i2rpt/T 1 J rect tp/N1 + r] sinctrT1(avx - pIlT)) (12)

expli&I + -A3('t + r) + 2nfo)).

The portion of the light bias offset arising from the signal leg of the interferometer is determined by
taking the real part of the square of the light amplitude from Eq. (LI), integrating for the duration of
the slow chirp T2, and making the substitution z = f/v:

(Signal leg contribution to the light bias)

E = T- 3 df sinc[rD(ax - f/v))2 U (f (13)

A similar calculation for the light bias arising from the coarse chirp leg yields

(Coarse chirp leg contribution to the light bias)

Et = C TZ sinclr(avxT 1 _ p)) 2 . (14)

Within constants (which are adjustable by varying the light levels in the two beams), Eqs. (13) and
(14) represent the two light bias contributions: Equation (13) defines the positive definite contribution
on the line that contains the signal, with width determined by the finite AOBD aperture; Eq. (14)
defines the raster line pattern, with each reference line exhibiting a width resulting from Fourier
transformation of the repeating coarse chirp (in Eq. (C9), summation of the expozentials produced the
array of delta functions, or comb filter).
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